
CHARACTERISTICS OF A THERMIONIC 
CONVERTER WITH A FLUORIDE VAPOR 
DEPOSITED TUNGSTEN EMITTER 
ETCHED TO PREFERENTIALLY EXPOSE 
THE 110 CRYSTAL PLANES 

by V. C. Wilson und J. Luwrence 

Prepared by 
GENERAL ELECTRIC COMPANY 
Schenectady, N. Y .  
for Lewis  Research  Ceuter 

N A T I O N A L   A E R O N A U T I C S   A N D   S P A C E   A D M I N I S T R A T I O N  WASHINGTON,  D.  C .  AUGUST 1 9 6 9  



NASA CR-1381 

CHARACTERISTICS OF A THERMIONIC CONVERTER WITH A FLUORIDE 

VAPOR DEPOSITED TUNGSTEN EMITTER ETCHED TO 

PREFERENTIALLY EXPOSE THE 

110 CRYSTAL PLANES 

By V. C.  Wilson  and J. Lawrence 

Distribution of this  report is provided  in  the  interest of 
information  exchange.  Responsibility for the  contents 
resides  in  the  author or  organization  that  prepared it. 

Prepared  under  Contract No.  NAS 3-8511 by 
GENERAL ELECTRIC COMPANY 

Schenectady, N.Y. 

for Lewis  Research  Center 

NATIONAL AERONAUTICS AND  SPACE ADMINISTRATION 

For  sale by the  Clearinghouse  for  Federal  Scientific and Technical  Information 
Springfield,  Virginia 22151 - CFSTl price $3.00 



ABSTRACT 

A var iab le   spaced   p lanar   thermionic   conver te r   was   bu i l t   wi th  a tungsten 

e m i t t e r ,  a niobium  collector  and a n iobium  guard   r ing .   The   tungs ten   emi t t ing  

s u r f a c e   w a s  a 0. 020-inch-thick  layer of f luoride  vapor   deposi ted  tungsten.  

X-ray   ana lys i s   and   e tch   p i t   s tud ies   showed  th i s   sur face   was   o r ien ted   wi th  a 

( L O O )  p lane   para l le l   to   the   bu lk   sur face ,   The   sur face   was   e tched   to   expose  

the (110) p lanes   which   a re   inc l ined  4 5  d e g r e e s   t o   t h e  ( L O O )  p lanes .   The  s u r -  

f ace  w a s  then a mass of peaks ,   r idges   and   va l leys   severa l   microns   in   depth ,  

and  had  an  exposed  area  about 40 pe rcen t   g rea t e r   t han   t he   p l ane   su r f ace .  

The  ini t ia l   output   performance of t h i s   su r f ace  at low c e s i u m   p r e s s u r e s  

and  a lso  a t   large  spacings  was  bet ter   than  unetched ( L O O )  tungsten.   The  most  

output  was  obtained  at  LO m i l s   s p a c i n g   o r   m o r e   f o r   e m i t t e r   t e m p e r a t u r e s  

f r o m  1700°K to  2000'K. Opera t ion   fo r  21. 8 hour s  at 2155OK reduced  the 

s h a r p n e s s  of the  points   and  r idges  and  the  output   performance  decreased,  

pa r t i cu la r ly   a t   l a rge r   spac ings .  
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FOREWORD 

The  research  described  herein was conducted by the  General  Electric 
Research  and  Development  Center  under NASA Contract NAS 3-8511. The 
NASA Project  Manager  was  Mr. J. F. Mondt, Direct  Energy  Conversion Divi- 
sion,  Lewis  Research  Center.  The  report was originally  assigned  General 
Electric  document No. GEST-2107. 

iii 



, .. ,, . ... ... . . , , ”. . ”_ ”___ 



I 

CONTENTS 

P a g e  

SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 

TEST  VEHICLE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 
P r e p a r a t i o n  of the Emitter Sur face  . . . . . . . . . . . . . . . . .  5 
C o n v e r t e r   C h a r a c t e r i s t i c s  . . . . . . . . . . . . . . . . . . . . .  16 
Aging  the Emitter . . . . . . . . . . . . . . . . . . . . . . . . . .  26 

CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  39 

REFERENCES . . .  . . .  40 
APPENDIX A . FAMILIES O F  LOAD LINES . . . . . . . . . . . . . . . .  41 



SUMMARY 

Thi s   t op ica l   r epor t   r ep resen t s   one  of a series of r e p o r t s  to be   p re-  

pared   under   Cont rac t  NAS 3-8511, T a s k  111, Investigation of the  Effect of 

E lec t rode   Ma te r i a l s ,   Su r face   T rea tmen t s ,   and   E lec t rode   Spac ing  on 

Thermion ic   Conver t e r   Pe r fo rmance .  NASA CR-1033  gives a complete  

descr ip t ion  of the   conver te r   cons t ruc t ion ,   the   method of varying  the  spacing, 

t he   p rocess ing   p rocedures   and   t he   measu r ing   t echn iques .   Fo r   t he   work  

r e p o r t e d   h e r e ,  a guard   r ing   sur rounded  the   co l lec tor .   The   co l lec tor   and  

guard  could  be  held  a t   the  same tempera ture   and   e lec t r ica l   po ten t ia l .  

The   t ungs t en   emi t t e r   su r f ace  w a s  a 0. 020-inch-thick  layer  of f luoride 

vapor  deposited  tungsten.   X-ray  and  etch  pit   identification  showed  that   this 

s u r f a c e  w a s  or iented  with  the (100)  planes  parallel   to  the  bulk  surface.   The 

s u r f a c e  w a s  etched  to  expose  the (110) planes  which  are   incl ined 45  d e g r e e s  

to  the (100) p lanes .   The   resu l t ing   e tched   sur face   has  a n  abundance of peaks,  

r idges,   and  val leys .  As a r e s u l t ,   t h e   s u r f a c e   a r e a  is about 40 percent  

g rea t e r   t han   t he   geomet r i ca l  area. More  important ,   the  (110) plane of 

tungsten  has   the  highest   vacuum  work  funct ion  and  i t  is believed  to  be  the 

bes t   tungs ten   p lane   for  a t h e r m i o n i c   c o n v e r t e r   e m i t t e r   s u r f a c e .  

Ini t ia l ly   the  converter   had  except ional ly   high  e lectr ical   output .   For  

example,   at  a n  e m i t t e r   t e m p e r a t u r e  of 2155 K, a co l l ec to r   t empera tu re  of 

973OK, and a spacing of 0. 005 inches,  it  developed 30 a m p e r e s   p e r   s q u a r e  

cent imeter   a t   over   one   vo l t   a t   the   e lec t rodes .  

0 

Complete   famil ies  of ou tpu t   cha rac t e r i s t i c s   were   t aken   w i th   t he  

e m i t t e r   t e m p e r a t u r e   v a r i e d   f r o m  1660°K to 2155OK. Comparing  this   con-  

v e r t e r   w i t h  a similar conve r t e r   w i th  a polycrys ta l l ine   tungs ten   emi t te r ,  

th i s   conver te r   p roduced   more   power  at 5 t imes  the  spacing.   For   example,  

at a n   e m i t t e r   t e m p e r a t u r e  of 1960°K, it p roduced   more   power   a t  a 10-mil 

spacing  than  the  converter   with  the  polycrystal l ine  converter   produced at 
a 2-mil   spacing.  



The   mos t   ou t s t and ing   cha rac t e r i s t i c  of t he   e t ched   emi t t e r   was   t ha t   i t  

produced  the  maximum  output   powers  at compara t ive ly   low  ces ium  vapor  

p r e s s u r e s .   T h i s  is probably  the  resul t  of a s t rong   adsorp t ion  of c e s i u m   o n  

t h e  (110) p l anes   wh ich   l owers   t he   necessa ry   ce s ium  p re s su re   t o   ob ta in   t he  

op t imum  ces ium  cove rage   on   t he   emi t t e r .   The   l ower   ce s ium  p re s su re  re -  

duces   the   e lec t ron   sca t te r ing   in   the   p lasma  and  a pa r t i cu la r   p l a sma   vo l t age  

loss is obtained  at  a much  wider   spac ing .  Also, a be t t e r   ce s ium  cove rage   on  

the   co l l ec to r   a t   t he   l ower   ce s ium  p re s su re   s l i gh t ly   i nc reases   t he   ou tpu t  

vo l tage .   The   increased   sur face   a rea  of t he   e t ched   emi t t e r   appea r s   t o   i nc rease  

the  effect ive  current   densi ty .  

After  21. 8 hours  of opera t ion   a t  2155OK, the  output of t h i s   conve r t e r  

degraded  somewhat;   however ,  it s t i l l   p roduced   more   power   than   the  similar 

conver te r   wi th   the   po lycrys ta l l ine   tungs ten   emi t te r .   The   degrada t ion   was  

caused   by   thermal   e tch ing  of t he   su r f ace   wh ich   rounded   t he   sha rp   edges   and  

val leys  of the (110) f ace t s .   Th i s   r educed   t he   su r f ace   a r ea   s l i gh t ly ,   bu t   more  

important ly ,  it exposed   t ungs t en   c rys t a l   p l anes   t ha t   had   undes i r ab le   o r i en ta -  

t i ons .   In   t e rms  of the work funct ion,   the   f inal   surface  was  patchy.   Patchy 

work   func t ion   sur faces  are no t   i dea l   fo r   t he rmion ic   conve r t e r   emi t t e r s  

because  i t  is i m p o s s i b l e   t o   o p t i m i z e   t h e   c e s i u m   p r e s s u r e  f o r  o p t i m u m   c e s i u m  

coverage  of a l l   patches.  
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INTRODUCTION 

Th i s   work   i s   pa r t  of a cont inuing  program  to   bui ld   and  operate  

the rmion ic   conve r t e r s   w i th   va r ious   e l ec t rode   ma te r i a l s  in o r d e r   t o   c h a r a c -  

te r ize ,   eva lua te ,   and   ident i fy   the   mos t   p romis ing   e lec t rode   sur faces   for  

conver te r   opera t ion .   The   des ign  of t he   t e s t   conve r t e r   was   conce ived   and  

s t anda rd ized  in l963. I t   pe rmi t t ed   an   accu ra t e   de t e rmina t ion   o f   t he   e l ec t rode  

spacing  and  used a gua rd   r i ng   t o   accu ra t e ly   de f ine   t he   conve r t e r  area. The  

guard  r ing  could  be  kept  at the   same  tempera ture   and   po ten t ia l  as the   co l lec-  

t o r .   T h e   f i r s t   s i x   l i n e s  of Tab le  1 l i s t   the   e lec t rode   mater ia l s   and   the   spac ings  

fo r   s ix   conve r t e r s   bu i l t   a cco rd ing   t o   t he  1963 design.   The  output   power  f rom 

these   conver te rs   was   cons is ten t ly   h igh   and   var ia t ions   in   ou tput   power   could  

be   expla ined   by   var ia t ions   in   e lec t rode   sur faces .   The   emi t te rs  of these   con-  

ve r t e r s   were   p re -hea ted   t o  250OoC for  one-half   hour  and  all   other  parts of 
t he   conve r t e r  were  hea ted   a t   l ea s t  100°C hot te r   dur ing   process ing   than   the  

o p e r a t i n g   t e m p e r a t u r e   f o r   e a c h   p a r t .  

In  1966,  under  NASA  sponsorship,   the  program  was  altered  in  two 

r e s p e c t s :  (1) A more   e l abora t e   conve r t e r   was   bu i l t  s o  that   the   e lectrode 

spac ing  of each   conver te r   could   be   var ied .  ( 2 )  A much   more   i n t ens ive   p ro -  

g r a m  to  cha rac t e r i ze   t he   emi t t e r s   was   i naugura t ed .   Th i s   r epor t   g ives   t he  

emi t t e r   p repa ra t ion   and   t he   t e s t   r e su l t s   f rom  the   s econd   va r i ab le   spaced  

c o n v e r t e r   ( i t e m  8, Tab le  1). 

T a b l e  1. CONVERTERS  PREVIOUSLY  TESTED 

Emi t t e r   Co l l ec to r   Spac ing   ( i nches )   Re fe rence  
" 

1. Poly   Xta l  W Ni   0 .005  1 
2. Poly   Xta l   Re  Ni  0.005 1 
3. Po ly   X ta l   Re  Ni 0 .002 2, 3 9 4  
4. Poly   Xta l  W Ni  0 .002 4, 5 
5. Poly Xta l  W W 0.002 5 
6. W - 2 5   w / o   R e  Ni  0.005 6 
7.  P o l y   X t a l  W Nb 0. 001 to  0 .020  7, 8 
8. Vap.  Dep. (LOO) W ,  Nb 0. 001 t o  0 .020  9 

3 



Severa l   inves t iga tors ' " )   have   po in ted   ou t   tha t   ces ium  d iode   thermion  ic 

c o n v e r t e r s   w i l l   o p e r a t e   m o r e   e f f i c i e n t l y  o r  can   be   opera ted   wi th   wider   spac ing  

i f  t he   pa r t i a l   ce s ium  mono laye r   on   t he   emi t t e r   su r f ace   may   be   ob ta ined   a t  a 

low c e s i u m   p r e s s u r e ;   t h e r e f o r e ,  it i s   impor t an t   t o   have  a b a s e   e m i t t e r   m a t e r i  

which   s t rongly   adsorbs   ces ium.   Webs ter ' l ' )   has   demonst ra ted   tha t   the  (110) 

planes of tungs ten   adsorb   ces iu .m  most   s t rongly .   He   has   a l so   po in ted   ou t   tha t  

the  (110) p lanes   a re   the   mos t   dense ly   packed   and   the   mos t   s tab le   sur faces .  

If a tungs ten   l ayer   tha t   has  a p re fe r r ed   o r i en ta t ion   w i th   t he  (100) planes 

pa ra l l e l   t o   t he  bulk s u r f a c e  is e tched   us ing   an   e tch   deve loped   by   Webs ter ,  

the (110) p l anes   a r e   exposed .   S ince   t hese  (110) p lanes   a re   inc l ined   a t  45  degrec  

to   the  (100) planes,   the   resul t ing  e tched  surface  has   an  abundance of peaks ,  

r idges ,   and   va l leys .   This   causes   the   emi t te r   sur face  area to   be  about  40% 

g r e a t e r   t h a n   t h e   g e o m e t r i c a l  area. 

(12) 
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TEST  VEHICLE 

F i g u r e   l s h o w s  a c ross   s ec t ion   d rawing  of the   thermionic   conver te r .  

T h e   e l e c t r o d e   s p a c i n g  is var iable   and  the  e lectrodes are a tungs ten   emi t te r  

and a niobium  col lector .   The  construct ion is quite similar to   the   thermionic  

conve r t e r   r epor t ed   i n  NASA CR-1033,  except  that   this  converter  has a 

niobium  guard  r ing  while  the  other  did  not.   (I3)  In  operati .on,   the  guard  r ing 

may   be   kep t   a t   t he   s ame   t empera tu re   and  at the   s ame   e l ec t r i ca l   po ten t i a l  

as the   co l l ec to r .   F igu re  2 ,  showing  current   versus   vol tage  for   the  guard 

r ing  (G) and  col lector   (C) ,   i l lust rates  how similar the  potential  on  the  two 

electrodes  could  be  maintained  during a 60-cycle  sweep. 

___" PREPARATION - - O F  THE  EMITTER  SURFACE 

A 0. 250- inch- th ick   po lycrys ta l l ine   tungs ten   emi t te r   d i sk   which   was  

coated  with a 0. 020-inch-thick  layer of (100) or iented  tungsten by the  fluoride 

vapor   depos i t ion   p rocess   was   se lec ted   for   sur face   p repara t ion .   This  

emi t t e r   was   one  of n ine   purchased   f rom  San   Fernando  Labora tor ies .   Af te r  

a pre l iminary   po l i sh ,  a hardness   tes t   developed  by  Festa   and  Danko 

indica ted   tha t   the   sample   had   less   than  10 ppm of f luoride in the  tungsten. 

The  surface  preparat ion  technique  included a final  mechanical  polish,  

followed  by  an  electropolish.   The  polishing  solution w a s  90 g r a m s  of sodium 

hydroxide i n  t h r e e   l i t e r s  of wa te r .   The   emi t t e r   d i sk   was   p l aced   on  a tungsten 

plate   with  the  coated  surface up. A tungsten  gr id   was  mounted  about   3/8-  

inch   above   the   emi t te r   sur face ;   the   emi t te r   sur face   and   the   en t i re   assembly  

w e r e   i m m e r s e d  in the  sodium  hydroxide  solut ion.   For   the  e lectropol ish,  

the  gr id   was  held 15 vol t s   nega t ive   wi th   respec t   to   the   emi t te r .   To   e tch   the  

surface,   the   potent ia l   d i f ference w a s  reduced   to  2 volts. An etch  exposing 

the (110) e tch  facets   in  a material with a p r e f e r r e d  (100) o r i en ted   subs t r a t e  

su r face   pa ra l l e l   t o   t he   bu lk   su r f ace   shou ld   fo rm small pyramidal  holes 

with  the  edges of the   ho les   square .   This   s i tua t ion  is i l lustrated in t h e   l a r g e  

g r a i n  at the  lower  r ight  of F i g u r e  3. Notice   that   some of the  other   grains  

in th i s   mic rograph  are  not   or iented  with  the (100) p lanes   para l le l   to   the  

surface;   and,   therefore ,   the   e tch  pi ts  are not   square  in c ros s   s ec t ion   bu t  

(14) 
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Figure  1. - Variable  spaced  thermionic  converter.  
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Figure 2 .  - Electric  potential of collector  and  guard  ring. 



Figure 3. - 110 Etch  pits  in (100) tungsten  surface. 
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instead are kite  shaped.  After  an  electropolish  followed  by a 2 second  etch,  

ihe   emi t te r   was   v i sua l ly   scanned   wi th   the   microscope   and   charac te r i s t ic  

areas photographed after the   su r f ace   p repa ra t ion   t echn ique   was   e s t ab l i shed .  

T'he emi t te rs   were   e lec t ropol i shed   and   x- ray   d i f f rac t ion   measurements   were  

made   t o   de t e rmine   t he   deg ree  of p r e f e r r e d  (100) or ientat ion of t he   su r f ace .  

Fol lowing   th i s   s tep ,   the   emi t te rs   were   u l t rasonica l ly   c leaned  in alcohol  and 

placed  in a vacuum  bel l  jar and  heat   t reated  to  250OoC for   one-half   hour .  

The   sur faces   were   examined   and   unusua l   charac te r i s t ics   photographed .  A 

small amount  of t he rma l   e t ch ing   r evea led   t ha t   t he   g ra ins   were   l a rge r  after 

the  heat   t reatment .   This   was  a lso  ver i f ied  by  x-ray  diffra .c t ion  analysis .  

On  the  basis  of the   x - ray   d i f f rac t ion   s tud ies ,   the   n ine   emi t te rs   had  

e s sen t i a l ly   t he   s ame   deg ree  of p r e f e r r e d  (100) or ientat ion.   On  the  basis  of 

appea rance   when   e t ched ,   t he   emi t t e r   s e l ec t ed   fo r   fu r the r   ana lys i s   had  no 

apparent   b lemishes .   This   emi t te r  in the   hardness   t es t   a l so   showed  the   l eas t  

amount of f luor ine- - less   than  10 ppm. After an  e lectropol ish  and a t h e r m a l  

e tch   a t  250OoC for   one-half   hour ,   the   emit ter   work  funct ion w a s  m e a s u r e d  

in the   t empera tu re   r ange  of 1900°K t o  2350°K  by  drawing  the  saturation 

e lec t ron   emiss ion   in  a vacuum  environment .  

The   emi t te r   was   then   e tched   for   about  2 0  minutes   a t  2 volts  with 

in t e r rup t ions   t o   s tudy   t he   p rog res s ion  of the   e tch   p i t s .   Af te r   the   thermal  

t rea tment ,   the   g ra ins   formed  very   few  e tch   p i t s   o ther   than   those   tha t   occur red  

at the   g ra in   boundar i e s .   E tch   p i t s   s t a r t   a t   imper fec t ions   such  as s c r e w  

d i s loca t ions .   P re sumab ly ,   t he   t he rma l   t r ea tmen t   l e f t  few  imperfections  in 

the   ind iv idua l   meta l   g ra ins .   F igure  4 t aken   a f te r  2 minutes  of etching 

i l lus t ra tes   th i s .   Upon  fur ther   e tch ing ,   the   e tched   reg ions   spread   th roughout  

the   en t i re   sur face ,   and   the   va l leys   and   pyramidal   ho les   become  deeper .  

F i g u r e  5 shows  the  f inal   condi t ion of t he   emi t t e r .   The   dep th  of focus of t he  

microscope   was   no t   g rea t   enough  to   show  the   en t i re   sur face .   The   fuzzy  

a r e a s  are  mere ly   ou t  of focus.   By  hand  focusing  the  microscope,   one 

could   be   convinced   tha t   the   en t i re   sur face   was   made   up  of planes  or iented 

at about 4 5 O  to   the  surface of the  bulk  tungsten.  
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Figure 4. - After 2500' C for one-half hour  heat 
treatment;  etch  pits  initiate at grain  boundaries 
only. 
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Figure 5. - After 20 minutes of electroetch. 
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F i g u r e  6 shows a comple t e   h i s to ry  of t he   work   func t ion   measu remen t s  

fo r   t he   emi t t e r .   The   so l id  c.ircles show  the   work   func t ion   measurements  

before   e tching  but   af ter  a 250OoC hea t   t r ea tmen t .   The   open   c i r c l e s  are f o r  

a polycrys ta l l ine   tungs ten   sample   used  in a n   e a r l i e r   c o n v e r t e r .  

open  diamonds  indicate   the  work  funct ion after t h e   s u r f a c e  w a s  e t c h e d   t o   t h e  

phys ica l   appea rance   shown   in   F igu re  5. The   f i na l   s e l ec t ion  of t he   emi t t e r  

was   made   on   the   bas i s  of the  appearance  when  e tched  and  on  the  basis  of t h e  

work   func t ion   measurements   before   and   a f te r   e tch ing .   The   emi t te r   was   then  

hea ted   to  250OoC f o r  10 minutes .   The   open   squares   ind ica te   the   work   func t ion  

immedia te ly   a f te r   th i s   hea t   t rea tment .   The   so l id   squares   represent   da ta  

tha t   were   t aken   the   fo l lowing   day .   This   increase   in   work   func t ion   could   be  

a t t r ibu ted   to  a s l igh t   contaminat ion   f rom  oxygen.   F igure  7 shows  the  condi-  

t ion of t he   emi t t e r   a f t e r   t he  10 minutes   heat   a t  25OOOC.  Not ice   tha t   the   sharp  

edges  and  the  sharp  grooves  forming  the  val leys   have  been  rounded;   this  

thermal   e tching  would  expose  many small areas of lower  work  function  than 

the  (110) sur face   and   would   eas i ly   expla in   the   reduct ion   in   the   overa l l   work  

function. 

( 9 ,  13)  The  

Since  the  method of assembl ing   the   thermionic   conver te r   requi res  a 

245OoC braze   be tween  the  emitter and a tan ta lum  suppor t   r ing ,   th i s   b raze  

was   made   and   the   sur face   was   subsequent ly   ree tched .   The   so l id   d iamonds  

shown  on  Figure 6 represent   the   work   func t ion  of the   f ina l   e rn i t te r   sur face  

measu red   j u s t   be fo re   t he   ce s ium  was   i n t roduced   i n to   t he   conve r t e r .  A 

pho tomic rograph   (F igu re  8) shows  the  appearance of t h e   e m i t t e r   s u r f a c e  

jus t   before   assembly   in to   the   conver te r .   This   photomicrograph  is a t  a 

lower  magnif icat ion  because  the  tantalum  support   r ing  would  not   permit   the  

use  of a l a rge r ,   h ighe r   magn i f i ca t ion   l ens .   Af t e r  a comple te   fami ly  of load 

l ines   was   t aken   for   the   conver te r   inc luding  a r u n   f o r  95 minutes  at 2155 K ,  

the  work  funct ion of the   sur face   was   aga in   measured   by   keeping   the   ces ium 

r e s e r v o i r  as cold as poss ib le   and   increas ing   the   emi t te r   t empera ture  

rap id ly .   The   two  open   t r iangles  in F i g u r e  6 give  this   resul t .   Final ly ,  

a f t e r  21. 8 hours  at T E  = 2155OK, the   work   func t ion  of t he   emi t t e r  w a s  again 

measu red .   These   va lues   a r e   r ep resen ted  by  the  solid  tr iangles.   The  two 

0 
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Figure 7. - Similar  to  figure 5 after one-half  hour 
at 2500' C .  
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Figure 8. - Emitter  surface  just  before  assembly 
into  converter. 
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upper  values w e r e  t aken   w i th   t he   ce s ium  r e se rvo i r  at 9OC, the   coo l ing   wa te r  

t empera tu re .   The   t h ree   l ower   va lues   were   t aken   abou t   two   minu te s  after 

s t a r t i n g   u p   t h e   e m i t t e r   a n d   t h e   c e s i u m   r e s e r v o i r   h a d   s t a r t e d   t o   w a r m   u p ;  

t he re fo re ,   t hese   t h ree   l ower   va lues   p robab ly  are c h a r a c t e r i s t i c  of a s l ight  

con tamina t ion   f rom  ces ium.  

F i g u r e  9 shows  the  condition of the  emitter s u r f a c e  after about 70 hours  

of operation,  including 21. 8 hours  at 2155OK and 20  hours   a t  2050'K. T h e  

average   work   func t ion   was   about   the  same as f o r  a polycrystal l ine  tungsten 

s a m p l e   f o r  a (100) crystal l ine  surface.   However ,  it is a p p a r e n t   f r o m   t h e  

p i c tu re   t ha t   t he   t rue   su r f ace  is not a (100) sur face   bu t  is a new dis t r ibut ion of 

su r faces   cons i s t ing  of many   c rys t a l   su r f ace   o r i en ta t ions .  

CONVERTER  CHARACTERISTICS 

As ment ioned   before ,   when  the   emi t te r   was   hea ted   to  250OoC f o r  10 

minutes ,   the   sharp   edges  of the   e tched   sur face   were   rounded   cons iderably .  

T o   o b t a i n   t h e   c h a r a c t e r i s t i c s  of the   conver te r   wi th   the   emi t te r  in its ini t ia l  

as -e tched   s ta te ,  a complete  set of load  l ines   was  taken at the   l owes t   emi t t e r  

t e m p e r a t u r e ,  1650°K. Per iodica l ly ,  after opera t ing   the   emi t te r  at s u c c e s s i v e l y  

h igh   tempera tures ,   an   in i t ia l   load   l ine   was   re run   to   de te rmine  if any  change 

had   occur red  in t h e   c o n v e r t e r   c h a r a c t e r i s t i c s .   T h e  f i rs t  observable   change  

occurred   a f te r   the   conver te r   had   been   opera ted   for  95 minutes  at  2155OK. 

F i g u r e s  10, 11, and 12 show  typ ica l   fami l ies  of load   l ines   for   the   conver te r  

in  its  initial  condition. 

Similar   load  l ines   under   c losely  ident ical   condi t ions  for  a c o n v e r t e r  

with a polycrys ta l l ine   tungs ten   emi t te r  ;ncl a niobium  co l lec tor   a re   shown  on  

F i g u r e s  13, 14, and 15 t a k e n   f r o m   F i g u r e s   B - 6 ,  B-15  and  B-46 of NASA 

CR-1033. It is most   s ignif icant   that   the  new conver t e r   ope ra t e s  at much 

l o w e r   c e s i u m   p r e s s u r e s .  It is a l so   s ign i f icant   tha t   a t   the   h igher   emi t te r  

tempera tures   the   o r ien ted   and   e tched   emi t te r   deve lops   more   power  at 5 

times the  spacing; i. e. , 10 mils v e r s u s  2 mils at 1960°K  and 5 mils v e r s u s  

1 m i l   a t  2150'K. 
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Figure 9. - Emitter  surface after operation  in 
converter. 
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F i g u r e  16 gives  the  output  power,   power-in,   and  efficiency  for  this 

c o n v e r t e r  at TE = 2155OK, T C  = 973OK and a spacing of 2 mils as a function 

of cur ren t   dens i ty .   This   ou tput   power   i s   f rom  - the   f i r s t   run   a t  2155OK, before  

observable   aging  had  taken  place.   The  power- in  is ca lcu la ted   for  a cy l indr i -  

cal g e o m e t r y  similar to   t he   p roposed   des igns   fo r  a s ingle  cell in a nuc lear  

fue l   rod   assembly .   Ef f ic iency   curves   computed   th i s  same way   fo r   o the r  

conver te rs   have   usua l ly   peaked   a t   20   amps/cm2  or   l ess .   The   unusua l   fea ture  

of this   converter ,   which is caused by the   low  ces ium  pressure   opera t ion ,  is 

the  high  output  voltage  at   high  current  densit ies  and  consequently  higher 

e f f ic iency;   therefore ,   th i s   conver te r   has  its peak  efficiency  at  25  to 30 a m p s /  

cm2.  Also,   the  efficiency is h igher   than   any   o thers   measured   to   da te  at this 

labora tory .  

In   addi t ion   to   lower   p lasma  losses ,   there  is another  advantage in 

operat ing a the rmion ic   conve r t e r   a t  a lower   ce s ium  vapor   p re s su re ;   name ly ,  

a more   op t imum  ces ium  coverage   may  be   ob ta ined   on   the   co l lec tor .  If one 

plots   the  work  funct ion of a m e t a l   s u r f a c e  in ces ium  vapor  as a function of 

t he   r a t io  of t h e   c o l l e c t o r   t e m p e r a t u r e   t o   c e s i u m   t e m p e r a t u r e ,   t h e   w o r k  

func t ion   s t a r t s   a t  I. 79 eV,  which is the  work  funct ion of l iquid  cesium,  and 

d e c r e a s e s  a s  ( T c / T c s )   i n c r e a s e s   t o  a m i n i m u m  of 1 .4   or  1. 5 eV. 

T h e   o p t i m u m   c e s i u m   r e s e r v o i r   t e m p e r a t u r e  is determined  by  the 

op t imum  emi t t e r   ce s ium  cove rage .  If t h i s   op t imum  ces ium  r e se rvo i r  

t e m p e r a t u r e  ( T c s )  is h igh ,   the   co l lec tor   t empera ture  (TC)  must   be  high t o  

obtain  the  opt imum  rat io  T C / T C s  f o r  a minimum  co l lec tor   work   func t ion .  

Usual ly   back   emiss ion   f rom  the   co l lec tor   p revents   one   f rom  running   the  

c o l l e c t o r   t e m p e r a t u r e  at t h e   o p t i m u m   r a t i o   T c / T C s .  If an   improved   emi t te r  

sur face   be t te r   adsorbs   ces ium  to   ob ta in   the   op t imum  ces ium  coverage  at a 

l o w e r   c e s i u m   r e s e r v o i r   t e m p e r a t u r e ,   t h e n   t h e   b a c k   e m i s s i o n   l i m i t  is reached  

at a r a t i o  of T C / T C s  c loser   to   the   op t imum  ra t io ,   and   th i s   permi ts   the   con-  

ve r t e r   t o   be   ope ra t ed   a t  a sl ightly  lower  collector  work  function. F o r  this 

c o n v e r t e r   a t   a n   e m i t t e r   t e m p e r a t u r e  of 1924 K, see F i g u r e  11, it is e s t i m a t e d  0 
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that   th is   effect  at a r e s e r v o i r   t e m p e r a t u r e  of 593OK wi l l   lower   the   co l lec tor  

work  funct ion  by  about  0 .  03 e V  as c o m p a r e d   w i t h  a r e s e r v o i r   t e m p e r a t u r e  of 

643OK in F i g u r e  14. 

AGING THE EMITTER 

Af te r   obse rv ing   t he   i n i t i a l   change   i n   t he   conve r t e r ' s   cha rac t e r i s t i c  

when  operated at 2155OK, the   conve r t e r   was   de l ibe ra t e ly   ope ra t ed   a t  this 

t e m p e r a t u r e   t o   o b s e r v e   t h e   c h a n g e   w i t h  time. F i g u r e  17 shows  the  change 

tha t   occu r red   du r ing  a r u n  of 381 minutes  at 2155'K. Each   day   before  

operat ing at 2155OK, a load  l ine  was  taken at 2057OK and  at  the  end of t h e  

day ' s   run ,   t he   t empera tu re   was   r educed   t o  2057'K again  and  another  load 

l i ne   t aken .   These   da t a  are  shown  in   F igure  18. Curve  (1) was  the  ini t ia l  

load   l ine ,   curve   (2)  w a s  taken  at   the  end of t h e  first day ' s   run - -namely ,  

after 95 minutes  of operat ion  a t  2155'K. The   mos t   s t r i k ing   change   occu r s  

f o r   t h e   s h o r t   c i r c u i t   w h i c h   w a s   r e d u c e d   f r o m  36 a m p s / c m 2   t 9   2 8   a m p s / c m  2 . 
This   change  probably  ref lects  a s l igh t ly   lower   ces ium  coverage   and ,   therefore ,  

a h igher   work   func t ion   for   the   sur face .   Curve   (3)  is the   in i t ia l   bad   l ine  

taken   the   next   day .   Not ice   tha t   the   shor t   c i rcu i t   cur ren t   has   apparent ly  

r e tu rned   aga in   t o  36 a m p s / c m  2 . This   apparent   overnight   heal ing  while   the 

e m i t t e r  w a s  cool   may  be   caused   by  a monolayer  of oxygen  which  deposited 

on  the  emit ter   dur ing  the  night .   This   effect   would  only  require   an  oxygen 

p a r t i a l   p r e s s u r e  of t o r r   o r   l e s s , .   T h e   o d d - n u m b e r e d   c u r v e s   r e p r e s e n t  

the  ini t ia l   load  l ines   each  day  and  the  even-numbered  curves   represent   the 

f inal   load  l ines   each  day.   Notice   that   superimposed  on  this   overnight   recovery 

effect  is a s teady  degradat ion in t h e   s h o r t   c i r c u i t   c u r r e n t ,   p r e s u m a b l y   t h i s  

is the   resu l t  of the  rounding of the  edges of the   e tched   sur face  as shown in 

F i g u r e  9. F i g u r e  19 is a plot of t h e   s h o r t   c i r c u i t   c u r r e n t s  of F i g u r e  18 as a 

function of time. Th i s   cu rve   i l l u s t r a t e s   t he   s t eady   deg rada t ion  of t he   sho r t  

c i r cu i t   cu r ren t   dens i ty .  

M t e r   a g i n g   f o r  21. 8 hours  at 2.155OK, new families of load   l ines   were  

r u n  at T E  = 1750°K, TE = 1840°K,  and TE = 2057'K. F i g u r e  20 c o m p a r e s  

the  envelopes of these  load  l ines .   One  would  conclude  f rom  this   f igure  that  
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t he   conve r t e r   has   no t   deg raded   apprec i ab ly ,   pa r t i cu la r ly  at 2057'K. However,  

t h i s   f i gu re   i s   mi s l ead ing   because ,  in o rde r   t o   ob ta in   t he   ou tpu t s   r ep resen ted   by  

the   dashed   l ines ,   one   would   have   had   to   increase   the   ces ium  pressure   and  

r educe   t he   spac ing   f rom  the i r   i n i t i a l   va lues .   F igu res  21 and  22  better  des- 

c r ibed   the   change   tha t   occur red   dur ing   ag ing .   These   curves  are the  envelopes 

of load  l ines   in   which  one is p e r m i t t e d ' t o   o p t i m i z e   t h e   c e s i u m   p r e s s u r e   f o r  

any   par t icu lar   spac ing .   F igure   21   descr ibes   the   in i t ia l   ou tput   and   F igure   22  

desc r ibes   t he   ou tpu t   cha rac t e r i s t i c s  after aging  for 21. 8 hours   a t  2155OK. 

If one   were   to   bu i ld  a f ixed   spaced   conver te r   wi th   10-mi l   spac ing ,   in i t ia l ly  

at 2 5   a m p s / c m 2 ,   f r o m   F i g u r e  21 it would  have  developed 0. 77   vo l t s .   From 

Figure  22,   the  output  voltage  would  have  dropped in t h e  21. 8 hours   to  0. 57 

vol ts   which  is  a loss of 2670. T h e r e  is an   in te res t ing   fea ture  in  the  curves 

of F i g u r e  21. T h e   c u r v e s   f o r  1-and 2-mil spacing  below 15 amps /cm2   have  

higher   vol tages   than  the  corresponding  curves   in   Figure 2 2  and  the  curves  

have a different   shape.   Ini t ia l ly ,   th is   converter ,   below 15 a rnps / cm2 ,   was  

operat ing at ve ry   l ow  ces ium  p re s su res   and  w a s  operating  in  the  condition 

or ig ina l ly   descr ibed   by   Webs ter (15)  in which   the   emi t te r  is genera t ing  0. 002 

as many  ions as electrons  and  an  essent ia l ly   neutral   p lasma  extends  across  

the   conver te r .   This   p lasma  does   no t   have   shea ths  at the   e l ec t rodes   no r  

does it requi re   ion   genera t ion   wi th in   the   in te re lec t rode   space .  

The   uppe r   cu rves  of Figures  23  and  24  show  the  output  that  could  be 

obtained  init ially at T E  = 2057OK and 10- and  5-mil   spacing,   respect ively.  

The   cu rves   l abe led  after 21. 8 hours  at T E  = 2155OK indica te   the   cur ren t  

densi t ies   that   could  be  obtained at TE = 2057'K if one  had  complete   f reedom 

to alter t h e   c e s i u m   b a t h   t e m p e r a t u r e .   T h e s e   c u r v e s   a r e   c o m p a r e d   w i t h   t h e  

maximum  output   obtainable  at th i s   emi t te r   t empera ture   and   spac ing   for   the  

polycrys ta l l ine   tungs ten   n iobium  conver te r .   In   the   range  of in te res t ing  

c u r r e n t   d e n s i t i e s - - i .  e. , 10 to  30 a m p s / c m 2 ,   e v e n  after aging-- the  converter  

wi th   the   e tched  emitter produces   more   ou tput .  A c r o s s i n g  of t he   cu rves  in 

F igure   23   a t   h igh   cur ren t   dens i t ies  is probably  not   s ignif icant ,   but   ref lects  

the   fac t   tha t   the   po lycrys ta l l ine   tungs ten   conver te r   was   opera ted  at higher  

ces ium  cove rages   . on   t he  emitter. 
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Figure 21. - Optimum  load  line  envelopes  for  various  spacings  before  thermal  aging. 
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Figure 23. - Performance  comparison  at TE = 2057' K and  spacing d = 10 mils. 
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su r faces   exposed   a r eas   w i th   c rys t a l   p l anes   t ha t   had   l ower   work   func t ion  

su r faces   t han   t he  (110) p l anes .   In   t e rms  of t he   work   func t ion ,   t he   f i na l   su r -  

face w a s   v e r y   p a t c h y .   T h i s   m e a n s   s o m e   a r e a s   w o u l d   m o r e   s t r o n g l y   a d s o r b  

ces ium  tha t   wou ld   o the r  areas. Past exper ience   has   shown  tha t   pa tchy   work  

funct ion  surfaces   do  not   produce  good  thermionic   converter   emit ter   surfaces  

because  it is imposs ib l e   t o   op t imize   t he   ce s ium  p re s su re   fo r   op t imum  ces ium 

c o v e r a g e  of a l l   patches.  
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CONCLUSIONS 

As p red ic t ed   by   Webs te r ,  a tungs t en   emi t t e r   w i th   p r imar i ly   t he  (110) 

c r y s t a l   f a c e s   e x p o s e d   a d s o r b s   c e s i u m   m o r e   s t r o n g l y   t h a n  a polycrys ta l l ine  

tungs ten   emi t te r .   In  this s tudy,  a conve r t e r   w i th  a vapor   deposi ted  tungsten 

9 e rn i t t e r   e t ched   t o   expose   t he  (110) c rys t a l   f ace t s ,   demons t r a t ed   t h i s   phenomena  

by  operat ing at l o w e r   c e s i u m   p r e s s u r e   i n   o r d e r   t o   o b t a i n   t h e   p r o p e r   c e s i u m  

i cove rage   on   t he   emi t t e r .   As  a r e s u l t ,   t h e r e   w a s  less power  lost   in   the  cesium 
I 

plasma.   Also ,  a b e t t e r   c e s i u m   c o v e r a g e   o n   t h e   c o l l e c t o r  at t h e   l o w e r   c e s i u m  

pressure   s l igh t ly   increased   the   ou tput   vo l tage .   This   improvement   may  be  

used  advantageously  to   produce  more  output   power  with a given  input  power 

o r   t o   o p e r a t e   t h e   c o n v e r t e r   a t  a wide r   i n t e re l ec t rode   spac ing .  

In   e tching  the  base ( L O O )  o r ien ted   tungs ten   emi t te r   to   expose   the  (110) 

f a c e t s ,   t h e r e  is an   e f f ec t ive   i nc rease  in   the  surface area of approximate ly  

40%. This   increase   in   the   e f fec t ive   emi t t ing   a reas ,   resu l ted  in a cor responding  

i n c r e a s e  in   the   cur ren t   dens i ty .  Thus,  it will   be  possib1.e  to  operate at h igher  

power   dens i t ies   a t   essent ia l ly   cons tan t   e f f ic iency .  

This   conver te r   d id   no t   main ta in   the   in i t ia l   h igh   opera t ing   per formance  

par t ia l ly   because   thermal   e tch ing   changed   the   sur face   a rea ,   bu t   more   impor-  

tan t ly ,   because  a g r e a t e r   s p r e a d  in  the  work  function of t he   su r f aces   was  

c rea ted   by   reducing   the   number  of (110) e tched  facets   and  increasing  the 

number  of face ts   wi th   undes i rab le   c rys ta l l ine   p lanes   exposed .  
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APPENDIX A 

FAMILIES O F  LOAD LINES 

TE TC TCS Spacing 
Fig. No. OK OK OK Mils  

26 
27 
28 
29 
30 
31  

32 
33 
34  
35 
36 
37 

38 
39 
40 
41 
42 

43 
44 
45 
46 
47 

48 
49 
50 
51  
52 

53 
54  
55 
56 
57 

1660 
1665 
1650 

1 1  

1 1  

I 1  

1750 
1745 

1 1  

1 1  

1750 
1745 

1840 
I 1  

I I  

1 1  

I 1  

1924 
I I  

I I  

I I  

1962 
I I  

I I  

I t  

1 1  

2057 
1 1  

I !  

1 1  

I 1  

873 
873 
878 
873 
875 

823 to  923 

92 3 
I I  

! I  

! I  

I 1  

823 to 923 

923 
I 1  

I 1  

I 1  

I I  

923 
1 1  

1 1  

I 1  

92 3 
I 1  

1 1  

1 1  

I I  

92 3 
I I  

I I  

I 1  

I I  

533 to 573 
I I  ! I  

1 1  I I  

* 1 1  1 1  

I I   I I  

553 

553 to 593 
I 1  1 1  

I 1  I I  

I I  1 1  

I I  I 1  

57  3 

553 to 593 
I I   I I  

1 1  I 1  

I I  I 1  

I 1  I 1  

553 to  593 
I 1  I 1  

I 1  I t  

I I  I 1  

563 to  613 
I I   I I  

I !  I 1  

1 1  1 1  

I 1   I 1  

573 to 613 
I 1  1 1  

1 1  I 1  

I 1  I 1  

I 1  I I  

1 
2 
5 

10 
20  
10 

1 
2 
5 

10 
20 
10 

1 
2 
5 

10 
20  

1 
2 
5 

20  

1 
2 
5 

10 
20 

1 
2 
5 

10 
20 
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T E  TC TC.5 Spacing 
Fig. No. OK OK OK . Mils  

58 
59 
60  

6 1  
62 
63 
6 4  
65 

66 
67 
68 
69 
7 0  

7 1  
72 
73  
7 4  
75  

76 
77 
78 
79  
80  

1600 
1600 
1600 

1673 
1 1  

I I  

I I  

1 1  

1866 
I I  

1 1  

1 1  

I I  

2057 
1 1  

I 1  

I 1  

I I  

21  55 
1 1  

I1 

1 1  

I 1  

848 
I I  

I 1  

848 
I I  

1 1  

I 1  

1 1  

923 
I I  

97 3 
T I  

I 1  

1 1  

1 1  

Conver t e r   ope ra t ed  21.8 h o u r s   a t  2155O K 

8 1  
82 
83  
8 4  
85 

2057 
1 1  

1 1  

I 1  

1 1  

553 
1 1  

553 to 573 
1 1  I I  

I I  I 1  

I 1  1 1  

I I  1 1  

15 
10 
2 0  

1 
2 
5 

10 
20 

558 to 603 1 
2 
5 

10  
20 

I I  I I  

I I  I 1  

I1 I 1  

I 1  1 1  

573 to 613 1 
2 
5 

10 
20 

I 1  1 1  

I 1   I 1  

1 1  1 1  

I I  1 1  

603 to 643 1 
2 
5 

10 
20 

1 1  I 1  

I 1  I I  

1 1  I 1  

1 1  1 1  

603 to 643 
I I  I1 

I I  1 1  

1 1  1 1  

I I  I 1  

1 
2 
5 

10  
20 
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TE TC TCS Spacing 
Fig. No. OK OK OK Mil s 

86  
87 
88  
8 9  
9 0  

91 
92 
93 
9 4  
95 

1840  
1 1  

I t  

I 1  

I 1  

1750 
1 1  

I 1  

900 
I 1  

I 1  

I 1  

1 1  

900 
I 1  

I 1  

1 1  

I 1  

583 to 603  
I t  I1 

1 1  1 1  

573 to 6 0 3  
1 1  I 1  

I1 I 1  

I 1  I I  

I 1  1 1  

1 
2 
5 
10 
20 

1 
2 
5 

1 0  
2 0  
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"0 0.25 0.5 0.75 1.0 1.25 1.5 
ELECTRODE POTENTIAL DIFFERENCE-  VOLTS 

Figure 26. - Load lines for TE = 1660' K, TC = 873' K, and  spacing  d = 1 mil. 
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"0 0.25 0.5  0.75 1.0 1.25  1.5 
ELECTRODE POTENTIAL DIFFERENCE - VOLTS 

Figure 27. - Load lines for TE = 1655' K, TC = 873' K, and spacing d = 2 mils.  
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Figure 28. - Load lines f o r  TE = 1650' K, T - 878' K, and spacing d = 5 mils. C -  
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Figure 29. - Load lines for  TE = 1650' K, TC = 8'73' K, and spacing d = 10 mils. 
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THERMIONIC CONVERTER 
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EMITTER VAPOR  DEPOSITED W 
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COLLECTOR  POLY. Nb 
TE = 165O0K 
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Figure 30. - Load  lines for TE = 1650' K, TC = 8'75' K, and  spacing 

1.5 I 
1 

d = 20 mils. 
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Figure 31. - Load  lines for  TE = 1650' K, Tcs = 553' K, and  spacing  d = 10 mils. 
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Figure 32. - Load lines for TE = 1750' K, TC = 923O K, and  spacing  d = 1 mil. 
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Figure 33. - Load lines  for TE = 1'745' K, TC = 923' K,  and spacing d = 2 mils. 
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Figure 34. - Load lines for  TE = 1745' K, TC = 923' K, and  spacing  d = 5 mils. 
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-0 0.25 0.5 0.75 1.0 1.25 
ELECTRODE POTENTIAL DIFFERENCE - VOLTS 

1.5 

Figure 35. - Load lines for TE = 1745' K, TC = 923' K, and spacing d = 10 mils. 
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Figure 36. - Load lines  for TE = 1'750' K, TC = 923' K, and  spacing 

1.5 2.0 

d = 20 mils. 
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Figure 37. - Load lines for TE = 1745' K, TCS = 573' K, and  spacing  d = 10 mils. 
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Figure 38. - Load  lines for  TE = 1840' K, TC = 923' K, and  spacing  d = 1 mil. 
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Figure 39. - Load  lines for TE = 1840' K, TC = 923' K, and  spacing d = 2 mils. 
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Figure 40. - Load  lines for TE = 1840' K, TC = 923' K, and  spacing d = 5 mils. 
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Figure 41. - Load lines for TE = 1840' K, TC = 923' K ,  and spacing d = 10 mils; 
before  aging. 
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Figure 42. - Load lines for TE = 1840' K, T = 923' K, and  spacing d = 20 mils. C 
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Figure 43. - Load lines for  TE = 1924' K ,  TC = 923' K, and  spacing d = 1 mil. 
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Figure 44. - Load  lines  for TE = 1924' K, TC = 923' K, and  spacing d = 2 mils. 
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Figure 45. - Load  lines for TE = 1924' K, TC = 923' K, and spacing d = 5 mils. 
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Figure 46. - Load lines for  TE = 1924' K, T = 923' K, and  spacing C 
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- Load  lines for TE = 1924' K, TC = 923' K, and  spacing  d = 20 mils. 
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Figure 48. - Load lines for TE = 1962' K, TC = 923' K, and  spacing 
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ELECTRODE POTENTIAL DIFFERENCE - VOLTS 

Figure  49. - Load lines for TE = 1962' K, TC = 923' K, and spacing d = 2 mils. 
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"0 0.25 0.5 0.75 1.0 1.25 1.5 2.0 
ELECTRODE POTENTIAL DIFFERENCE - VOLTS 

Figure 50. - Load  lines  for TE = 1962' K, TC = 923' K, and  spacing d = 5 mils. 
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ELECTRODE POTENTIAL DIFFERENCE - VOLTS 

Figure 51. - Load  lines  for TE = 1962' K, TC = 923' K, and  spacing  d = 10 mils. 
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Figure 52. - Load  lines  for TE = 1962 K, TC = 923 K, and  spacing  d = 20 mils. 0 0 
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Figure 53. - Load  lines for TE = 2057' K, TC = 923' K, and spacing  d = 1 mil. 
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Figure 54. - Load lines for TE = 2057' K, TC = 923' K, and  spacing d = 2 mils. 
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ELECTRODE POTENTIAL DIFFERENCE- VOLTS 

Figure 55. - Load lines for TE = 2057' K, TC = 923' K ,  and spacing  d = 5 mils. 
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Figure 56. - Load lines for TE = 2057' K, TC = 923' K, and  spacing d = 10 mils. 
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COLLECTOR  POLY. Nb 
TE = 2057OK 
Tc = 923 O K  

SPACING-.d-20MILS 

1 

Figure 57. - Load  lines for TE = 2057' K, TC = 923' K, and spacing d = 20 mils. 
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( 1 0 0 )  ORIENTED {I IO} ETCHED 

COLLECTOR POLY. N b  

T, = 848'K 
SPACING-d-5 MILS 

TE = 1600'K 

1.25 1.5 
ELECTRODE POTENTIAL DIFFERENCE- VOLTS 

Figure 58. - Load lines for TE = 1600' K, TC = 848' K, and spacing d = 5  mils. 
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Figure 59. - Load  lines  for TE = 1600' K, TC = 848' K, and  spacing d = 10 mils. 
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Figure 60. - Load lines fo r  TE = 1600' K, TC = 848' K, and  spacing  d = 20 mils.  
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Figure 61. - Load lines for TE = 16'73' K, TC = 848' K, and  spacing  d = 1 mil. 
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Figure 62. - Load  lines for TE = 1673' K, TC = 848' K, and  spacing  d = 2  mils. 
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Figure 63.  - Load  lines for  TE = 1673' K, TC = 846' K, and  spacing  d = 5 mils. 
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Figure 64. - Load lines for TE = 1673' K, TC = 848' K, and  spacing  d = 10 mils. 
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Figure 65. - Load  lines  for TE = 16'73' K, TC = 848' K ,  and spacing  d = 20 mils. 
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Figure 66. - Load  lines for TE = 1866' K ,  TC = 923' K, and spacing d = 1 mil. 
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Figure 67. - Load lines for TE = 1866' K, TC = 923' K, and spacing d = 2 mils. 
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Figure 68. - Load lines for TE = 1866' K, TC = 923' K, and  spacing  d = 5 mils. 
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Figure 69. - Load lines for  TE = 1866' K, TC = 923' K, and spacing  d = 10 mils. 
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Figure 70. - Load  lines for  TE = 1866' K, TC = 923' K, and  spacing d = 20 mils. 
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Figure 71. - Load lines for TE = 2057' K, TC = 923' K, and  spacing d = 1 mil. 

89 



-0 0.25 0.5 0.75 1.0 1.25 1.5 2.0 
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Figure 72. - Load  lines for  TE = 2057' K, TC = 923' K, and  spacing d = 2 mils.  
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Figure 73. - Load lines for TE = 2057' K, TC = 923' K, and spacing d = 5 mils. 
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Figure 74. - Load lines for TE = 2057' K, TC = 923' K, and spacing d = 10 mils. 
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Figure 75.  - Load lines for TE = 2057' M, TC = 923' K, and spacing d = 20 mils. 

93 

" 



'50 

4 5  

40 

35 
(u 

I 
u 

\ v) 

613" K \ 

30 
W 
Q 
I e 
I 

- E 25. 
v) z 
W 
n 
c 

a 
603" K 

a 
5 20-\ 
3 
V 

15 

IO 

5 

n u 

. 
\ 

THERMIONIC CONVERTER 
VG- 2 I 

EMITTER VAPOR  DEPOSITED W 
1 0 0 )  ORIENTED (110) ETCHED 

COLLECTOR  POLY. Nb 
TE = 2155'K 
Tc = 973'K 
SPACING -d- I  MIL 

"0 0.25 0.5 0.75 1.0 1.25 1.5 2.0 
ELECTRODE POTENTIAL DIFFERENCE - VOLTS 

Figure 76. - Load  lines for TE = 2155' K, TC = 973' K, and  spacing  d = 1 mil. 
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Figure 77.  - Load l ines  for TE = 2155' K, TC = 973' K, and  spacing  d = 2 mils. 
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Figure 80. - Load lines for  TE = 2155' K,  TC = 973' K,  and spacing d = 20 mils. 
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Figure 81. - Load  lines  for TE = 2057' K, TC = 923' K, and  spacing 
after aging. 
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Figure 82. - Load lines for TE = 2057' K, TC = 923' K, and spacing d = 2 mils; 
after aging. 
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Figure 83. - Load lines for TE = 2051' K, TC = 923' K, and spacing  d = 5 mils; 
after aging. 
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Figure 84.  - Load  lines  for TE = 2057' K ,  TC = 923' K, and  spacing  d = 10 mils; 
after  aging. 
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Figure 85. - Load  lines for TE = 2057' K, TC = 923' K, and  spacing d = 20 mils; 
after  aging. 
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Figure 86. - Load  lines for TE.= 1840' K, TC = 900' K, and  spacing  d = 1 mil; 
after aging. 
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Figure 87. - Load lines for TE = 1840' K, TC = 900' K, and spacing d = 2 mils; 
after aging. 
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Figure 88. - Load  lines for TE = 1840' K, TC = 900' K ,  and  spacing d = 5 mils; 
after aging. 

106 



' O i  

jT 0 0. 
5 0.5 0.75 

THERMIONIC  CONVERTER 
VG- 2 I 

EMITTER VAPOR  DEPOSITED W 
( 1 0 0 )  ORIENTED {I IO} ETCHED 

COLLECTOR  POLY. Nb 

Tc = 900°K 
TE = I840 O K  

SPACING-d-IO MILS 
AFTER AGING 

I 

1.25 
ELECTRODE POTENTIAL DIFFERENCE-  VOLTS 

1.5 2.0 

Figure 89. - Load lines for TE = 1840' K, TC = 900' K, and  spacing d = 10 mils; 
after aging. 
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AFTER AGING 

TE = 1840'K 

"0 0.25 0.5 0.75 1.0 1.25 1.5 2.0 
ELECTRODE POTENTIAL DIFFERENCE-  VOLTS 

Figure 90. - Load  lines  for TE = 1840' K ,  TC = 900' K, and  spacing  d = 20 mils; 
after aging. 
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THERMIONIC CONVERTER 
VG- 2 I 

EMITTER VAPOR  DEPOSITED W 
( 1 0 0 )  ORIENTED {IIO} ETCHED 

COLLECTOR  POLY. Nb 

Tc = 900°K 
SPACING - d-I MIL 
AFTER AGING 

TE = 1750°K 

0.75 1.0 1.25 
I 

ELECTRODE POTENTIAL DIFFERENCE- VOLTS 
1.5 

Figure  91. - Load lines  for TE = 1750' K, TC = 900' K, and spacing  d = 1 mil; 
after  aging. 
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THERMIONIC  CONVERTER 
VG- 2 I 

EMITTER VAPOR  DEPOSITED W 
( 1 0 0 )  ORIENTED {I IO} ETCHED 

COLLECTOR  POLY. Nb 

Tc = SOO°K 
SPACING -d-2MILS 
AFTER AGING 

TE = I750 O K  

OO l"l 0.25  0.5  0.75 1.0 1.25 "L 1.5 2 
€L€CTROOE POTENTIAL DIFFERENCE- VOLTS 

6 

Figure 92. - Load  lines for TE = 1'750' K, TC = 900' K, and spacing d = 2 mils;  
after aging. 
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Figure 93. - Load  lines for TE = 1750' K, TC = 900' K, and spacing d = 5 mils; 
after  aging. 
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THERMIONIC CONVERTER 
VG- 2 I 

EMITTER VAPOR DEPOSITED W 
( 1 0 0 )  ORIENTED {IlO} ETCHED 

COLLECTOR  POLY. Nb 
TE =I750 O K  
TC = 900°K 
SPACING-d-10 MILS 
AFTER AGING 

ELECTRODE POTENTIAL DIFFERENCE- VOLTS 

Figure 94. - Load lines for TE = 1'750' K, TC = 900' K, and spacing d = 10 mils; 
after aging. 
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ELECTRODE POTENTIAL DIFFERENCE- VOLTS 
5 1 

Figure 95. - Load lines  for TE = 1750' K, TC = 850' K, and spacing d = 20 mils; 
after aging. -. 
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